Alteplase is the only drug licensed for acute ischemic stroke, and in this formulation, the thrombolytic agent recombinant tissue plasminogen activator (rtPA) is stabilized in a solution of L-arginine. Improved functional outcomes after alteplase administration have been shown in clinical trials, along with improved histological and behavioral measures in experimental models of embolic stroke. However, in animal models of mechanically induced ischemia, alteplase can exacerbate ischemic damage. We have systematically reviewed the literature of both rtPA and L-arginine administration in mechanical focal ischemia. The rtPA worsens ischemic damage under certain conditions, whereas L-arginine can have both beneficial and deleterious effects dependent on the time of administration. The interaction between rtPA and L-arginine may be leading to the production of nitric oxide, which can cause direct neurotoxicity, altered cerebral blood flow, and disruption of the neurovascular unit. We suggest that alternative formulations of rtPA, in the absence of L-arginine, would provide new insight into rtPA neurotoxicity, and have the potential to offer more efficacious thrombolytic therapy for ischemic stroke patients.
Introduction
Recombinant tissue plasminogen activator (rtPA) is a thrombolytic agent that converts plasminogen to plasmin, which breaks down fibrin (Korninger and Collen, 1981) . The first experiments that indicated rtPA would be beneficial in acute stroke were performed in rabbit models of embolic stroke (Zivin et al, 1985) . Infusion of rtPA following introduction of autologous clots into the cerebral circulation of rabbits results in a significant improvement in neurologic outcome at 24 hours. Angiographic evidence from early human trials shows that rtPA recanalizes occluded blood vessels following ischemic stroke (del Zoppo et al, 1992) . Thrombolysis for acute ischemic stroke with alteplase, a preparation of rtPA, improves patient outcomes in selected patients up to 4.5 hours following the onset of symptoms (Bluhmki et al, 2009 ). Alteplase has become widely used in patients with acute ischemic stroke following large-scale studies, which showed improved outcome even outside of clinical trials (Hill and Buchan, 2005; Wahlgren et al, 2007) . Currently, only one formulation of rtPA has been licensed for clinical use, which is alteplase (Activase, Genentech Inc. (South San Francisco, CA, USA); Actilyse, Boehringer Ingelheim International (Ingelheim, Germany); Activacin, Kyowa Hakko Kogyo Ltd. (Tokyo, Japan); GRTPA, Mitsubishi Tanabe Pharma Corporation (Osaka, Japan)). To allow solubility of this formulation, rtPA is dissolved in a solution of L-arginine at a concentration of 3.5 g/100 mg of rtPA. Patients currently receive up to 90 mg of rtPA (0.9 mg/kg) with an equivalent dose of 3.15 g of L-arginine (31.5 mg/kg) during thrombolytic therapy.
The functional recovery in patients following thrombolysis is dependent on recanalization and the return of oxygen and glucose to the ischemic brain. However, concerns have been raised about the potential neurotoxicity of rtPA in the context of cerebral ischemia independent of its thrombolytic effect. The rtPA neurotoxicity was first highlighted in models of stroke in mice (Wang et al, 1998) . In these experiments, mice underwent a mechanical middle cerebral artery occlusion (MCAO), which removes the confounding effect of thrombolysis, and were shown to have greater volume of infarct following rtPA infusion compared with control animals. Some subsequent studies have failed to replicate this (Klein et al, 1999; Meng et al, 1999) , but it seems likely that there is a detrimental effect seen with rtPA given that data from tPA knockout mice show a reduction in susceptibility to mechanical, focal cerebral ischemia (Wang et al, 1998) , which is reversed in the presence of exogenous rtPA.
L-arginine is a substrate for nitric oxide (NO) synthesis from one of the following three enzymes: neuronal NO synthase (nNOS), endothelial NO synthase (eNOS), and inducible NO synthase (iNOS). Nitric oxide can have either neurotoxic or neuroprotective properties following cerebral ischemia (Iadecola, 1997; Moro et al, 2004) , and independent of rtPA, L-arginine has been the subject of investigation into its neurotoxic and neuroprotective effects in the setting of mechanical cerebral ischemia (Willmot et al, 2005) . Given the potential neurotoxicity of rtPA, the effect of L-arginine in alteplase needs to be determined and whether it is contributing to the neurotoxicity observed with rtPA following mechanical cerebral ischemia.
We have systematically reviewed the evidence separately for both rtPA and L-arginine in mechanical cerebral ischemia to assess neurotoxicity independent of the thrombolytic effects of rtPA. This is followed by a discussion of the possible interaction between rtPA and L-arginine.
Systematic Review of Recombinant Tissue Plasminogen Activator and L-Arginine in Mechanical Cerebral Ischemia
Search Strategy MEDLINE (1966 to January 2010) and EMBASE (1988 to January 2010) databases were searched using Pubmed and Ovid, respectively, by two independent investigators (GWJH and BAS). The search terms for the rtPA studies included 'tissue plasminogen activator,' 'tPA,' 'thrombolysis,' 'stroke,' 'cerebral ischemia,' and the medical subject heading (MeSH) expansions of these terms. The specific search terms for the L-arginine studies were 'L-arginine,' 'arginine,' 'stroke,' 'cerebral ischemia,' and the MeSH expansions of these terms. The reference lists of articles and reviews were also searched as were the personal reference lists of the authors. Studies were included if the experiments involved mechanical models of focal cerebral ischemia in animals, either transient or permanent models, and when rtPA intravenously or L-arginine by any method was administered. Protocols that used thrombotic or embolic models of stroke, or that did not measure infarct volume were excluded. Additional information recorded for the rtPA studies was species and model used, dose of rtPA, the control with which rtPA was compared, duration of ischemia, timing of rtPA administration, and timing and method of infarct measurement. Features extracted from the L-arginine studies were species and model used, timing and route of administration, and timing and method of infarct volume measurement. We performed subgroup analyses on the basis of these a priori factors to identify the cause of any heterogeneity in the results.
Data Extraction
Means and s.d. of infarct volumes from the studies identified were extracted from the text where possible or by use of a screen grab tool when they were represented in diagrammatic form. The Stroke Therapy Academic Industry Roundtable score was calculated for each study according to criteria described previously (Horn and Limburg, 2001) . The data sets were compiled using Cochrane Review Manager 5.0 (Review Manager, 2008) . The data were analyzed in a continuous, random effects model of the standard mean differences, and have been displayed using summary tables and forest plots.
Results of Recombinant Tissue Plasminogen Activator Systematic Review
The search yielded 852 articles within which 25 articles met the inclusion criteria. In all, 20 articles were included for further analysis, which provided 29 sets of data (see Table 1 for a summary of the characteristics). Of the remaining articles, three were excluded because the numbers of animals or the s.d. were not presented (Liu et al, 2004; Nagai et al, 1999; Yamashita et al, 2009 ) and two were excluded due to timing of administration of rtPA at 6 hours following ischemia, which is not representative of clinical use (Gautier et al, 2003; Thiyagarajan et al, 2008) .
The majority of the experiments show that rtPA administration increases infarct volume following mechanical ischemia, and the combined analysis favors the control group in terms of infarct volume (Figures 1 and 2) . However, there is heterogeneity within the results (I 2 = 62%), partly explained by the varied experimental protocols that have been used ( Table 1) Supplementary Figure 4 ). In addition, we performed a post hoc analysis combining subgroups for model and species (Figure 2 ). All groups report using a preparation of rtPA solubilized in L-arginine with the exception of Zhang et al (2004b) . This article does not specify the source of the rtPA, although other work by the same group does report using a preparation of alteplase and this does contain L-arginine (Yamashita et al, 2009) .
The models used for mechanical focal ischemia of the MCA were broadly divided into two groups: the intraluminal filament model, used by the majority of groups, and a method of external ligation. The filament model involves introduction of an intraluminal siliconized filament into the common carotid artery or external carotid artery, which is advanced until the origin of the MCA is occluded (Longa et al, 1989) . For external ligation of the MCA, a craniotomy is performed followed by external occlusion of the MCA, using a microaneurysm clip (Buchan et al, 1992b; Klein et al, 1999) or a ligature (Yang et al, 2007) , in combination with common carotid artery occlusion to reduce the effect of collateral circulation. Neither model explained the heterogeneity seen ( Supplementary Figure 1 ).
The mouse model shows homogeneity showing an increase in infarct volume following rtPA administration ( Supplementary Figure 2 ). Although this may be a phenomenon of the species, it was noted that all the mouse models use a filament model of ischemia so tend to have more homogeneous protocols.
The dose of rtPA used in the experiments also does not explain the differences between experimental groups (Supplementary Figure 3) . We divided the doses of rtPA used into three subgroups: < 1.1 mg/kg, 1.1 to 8.9 mg/kg, and > 8.9 mg/kg. The dose of rtPA administered to patients for acute stroke treatment is 0.9 mg/kg and three of the articles use this dose ( Table 1 ). The rationale for using higher doses of rtPA is that the equivalent thrombolytic effect in rats and mice compared with humans was initially observed at the higher dose of 10 mg/kg in vitro (Korninger and Collen, 1981) . However, this need for higher doses of rtPA in rodents has recently been challenged following in vivo assessment (Haelewyn et al, 2010) . The rationale for using the intermediate doses was unclear, but most likely it was to show a dose-dependent effect. There is no direct correlation between the dose of rtPA used and the effect on infarct volume (r = À0.097, P = 0.61), suggesting the doses of rtPA alone cannot explain the heterogeneity of the effect of rtPA on infarct volume.
The duration of ischemia varied from 30 minutes to permanent, and this did not affect the outcome following rtPA administration ( Figure 1 ). Combined analysis of those studies that use a duration of ischemia, which is p1.5 hours, suggests that early administration of rtPA increases infarct volume. One explanation for this is that after a given period of ischemia, the infarct size may be close to maximal and therefore there is limited potential for rtPA to exacerbate the ischemic injury. Only in a model with a shorter duration of ischemia, where there is potentially a larger ischemic penumbra can the neurotoxic effects of rtPA be seen.
The subgroup analyzed according to the control solution used for comparison highlighted the scarcity of protocols using the L-arginine carrier solution of rtPA as a control, with 24 of 29 sets of data opting for saline instead of the vehicle of rtPA (Supplementary Figure 4 ). It is therefore difficult to draw conclusions from the small number in the subgroup that use alternative controls such as the carrier solution for rtPA containing L-arginine. Those studies using saline as a control have heterogeneity, and it is unclear whether any effects seen are due to rtPA or the L-arginine in the carrier solution.
No individual subgroup analysis sufficiently explains the heterogeneity seen, which suggests that a combination of factors is responsible. A combined analysis of both species and model showed the homogeneous effect of rtPA in the mouse filament model in increasing the infarct volume, but in the rat models, no such consistency is found ( Figure 2) .
Results of L-Arginine Systematic Review
The search yielded 868 articles within which 12 articles met the inclusion criteria. In all, 10 articles were included in further analysis, which provided 16 sets of data (see Table 2 for a summary of the characteristics). Of the remaining articles, two were excluded due to using a model involving significant hemorrhage (Chiou and Hong, 1997; Hong and Hwang, 2000) . Figure 1 Forest plot summarizing the data for the effect of recombinant tissue plasminogen activator (rtPA) administration on infarct volume in models of mechanical focal cerebral ischemia. Subgroups are divided on the basis of duration of ischemia. Numbers after study title reflect the dose of rtPA (mg/kg). Numbers and letters after the study title reflect the strain of mice used. CI, confidence interval.
Overall, the effect of L-arginine seems to reduce infarct volume following mechanical ischemia (Figures 3 and 4 ). However, there is significant heterogeneity (I 2 = 88%) of the results. The following a priori subgroup analyses were performed: duration of ischemia (Supplementary Figure 5 In contrast to the rtPA experiments, 11 of 16 L-arginine sets of data use permanent ischemia models. Only three articles use transient ischemia (1, 2, or 6 hours) (Escott et al, 1998; Zhang et al, 1996a Zhang et al, , 2004a , and although they show a beneficial effect of L-arginine, there is significant heterogeneity (Supplementary Figure 5) . The results using permanent models also suggest a significant reduction in infarct volume following L-arginine administration, but there is still heterogeneity. Within the species subgroups, one study uses a mouse model, one uses a rabbit model, and the remainder use rat models (Table 2 ). This means that species alone cannot account for the variable effects of L-arginine on infarct volume (Supplementary Figure 6 ). The models of ischemia used include the intraluminal filament model and cautery or ligation of the MCA with or without CCA occlusion. When subgroups were created on this basis, no clear homogeneity emerged ( Supplementary Figure 7) .
A pattern became apparent when the data were examined by timing of histological examination after kill ( Figure 3 ) and L-arginine administration (Figure 4 ). Animals that were killed at or before 24 hours following ischemia had a reduction in infarct volume. Those that were killed after 24 hours following ischemia show a much more heterogeneous response to L-arginine (Figure 3 ). This tendency toward a beneficial effect of L-arginine when death is at 24 hours following ischemia is most likely explained by the timing of L-arginine administration, which is earlier in these animals (Figure 4) .
Early administration of L-arginine is beneficial following ischemia (Figure 4 ). In this situation, L-arginine is thought to be acting as a substrate for eNOS, which produces NO and causes vasodilatation to augment blood flow during ischemia and thus reduce infarct volume Iadecola, 1997) . In contrast, delayed administration of L-arginine ( > 11 hours following ischemia onset) seems to exacerbate ischemic damage (Figure 4 ). In this instance, L-arginine may be producing NO, which reacts with free radical species to form cytotoxins such as peroxynitrite. Inhibition of either nNOS with ARL 17,477 or iNOS with aminoguanidine protects from ischemic injury (Iadecola et al, 1995b; Zhang et al, 1996b) . Furthermore, experiments examining the temporal protective effect of aminoguanidine show neuroprotection only from 24 hours following ischemia (Zhang and Iadecola, 1998) and correlates with the upregulation of iNOS expression in the brain following ischemia (Iadecola et al, 1995a) .
In the studies identified, no experiment used the dose of L-arginine clinically administered in alteplase (31.5 mg/kg). In some experimental models of rtPA administration, a 10-fold higher dose of alteplase is used, because this dose of rtPA has been shown to thrombolyze rodent clots (Korninger and Collen, 1981) . This 10-fold higher dose of alteplase contains an equivalent dose of 315 mg/kg L-arginine, which is similar to the dose of 300 mg/kg used by the majority of L-arginine studies ( Table 2 ). Temiz et al use much lower doses of L-arginine ranging from 2.5 to 12.5 mg/kg (Table 2) . This group show markedly beneficial effects of 7.5 and 12.5 mg/kg L-arginine following ischemia, but this has not been reproduced in other experiments.
Summary
In certain circumstances, rtPA seems to worsen ischemic injury; however, the conditions required for this effect are not clear. L-arginine has a neuroprotective role when administered early following ischemia, but delayed administration worsens ischemic damage. It might seem that because in clinical practice, rtPA is always administered within 4.5 hours of ischemia, the L-arginine in alteplase would be beneficial. However, some mechanisms by which rtPA acts in combination with L-arginine may potentiate neurotoxicity during ischemia. To ascertain whether rtPA neurotoxicity is mediated by NO synthesis, one needs to examine the direct targets of rtPA ( Figure 5 ).
Mechanisms of Recombinant Tissue Plasminogen Activator Neurotoxicity in the Presence of L-Arginine
The mechanisms of rtPA neurotoxicity have been extensively reviewed elsewhere (Kaur et al, 2004; Yepes et al, 2009 ). The following discussion only refers to mechanisms of rtPA neurotoxicity that may be interacting with the L-arginine component of alteplase.
In order for rtPA to cause neurotoxicity it needs to reach the brain parenchyma. During both ischemic and nonischemic conditions, rtPA has been shown to cross the blood-brain barrier (Benchenane et al, 2005; Harada et al, 2005) . Once in the parenchyma, the mechanisms by which rtPA causes direct neurotoxicity may include pathways acting via N-methyl-D-aspartic acid (NMDA) receptors, lowdensity lipoprotein receptor-related protein (LRP), and matrix metalloproteinases (MMP). The relative contributions of these pathways have yet to be established.
N-Methyl-D-Aspartic Acid Receptor-Mediated Excitotoxicity
During ischemia, widespread neuronal depolarization releases glutamate, which activates a-amino-3hydroxyl-5-methyl-4-isoxazole-propionate and NMDA receptors. Prolonged activation of the NMDA receptor results in an influx of calcium and consequent cell death ( Figure 5 ). Indeed, inhibition of the NMDA receptor with MK-801 reduces infarct volume following ischemia (Buchan et al, 1992a) , and importantly it also reduces rtPA-related ischemic neurotoxicity (Kilic et al, 2005a) . The NMDAmediated excitotoxic injury is exacerbated by exogenous rtPA (Nicole et al, 2001) , which is thought to be due to cleavage of the Kringle 2 region of the NR1 subunit of the NMDA receptor (Lopez-Atalaya et al, 2008) . The tPA knockout mice are protected from excitotoxicity (Yepes et al, 2002) as well as ischemic damage (Wang et al, 1998 ) lending weight to the mechanism of rtPA neurotoxicity in ischemia acting via the NMDA receptor.
The NMDA receptor is known to influence the production of NO by modulating the activity of nNOS, and for this endogenous tPA is required (Park et al, 2008) . The nNOS activity requires L-arginine but also calmodulin, which is dependent on calcium (Bredt and Snyder, 1990) . However, the tPAmediated NO release following NMDA administration is not thought to rely on an intracellular rise in calcium, but rather phosphorylation of nNOS (Park et al, 2008) . The NMDA receptor and nNOS activity have also been linked by the scaffolding protein postsynaptic density-95 (Brenman et al, 1996) and interruption of the association between the NMDA receptor and postsynaptic density-95 removes any effects of tPA on NO production (Sattler et al, 1999) .
Nitric oxide is directly implicated in mediating excitotoxicity (Dawson et al, 1991) and is also integral to tPA-dependent excitotoxicity (Parathath et al, 2006) . Excitotoxicity induced by kainic acid treatment increases NOS activity, which is reduced in both tPA knockout mice and following MK-801 administration in wild-type mice. The tPA knockout mice have increased neuronal survival following excitotoxic insult; however, that increase in survival was removed following exogenous rtPA administration. Application of a NO scavenging compound or a NOS inhibitor protected from the damaging effect of rtPA in these animals (Parathath et al, 2006) . This links tPA-mediated excitotoxicity via the NMDA receptor with NOS activity directly.
Low-Density Lipoprotein Receptor-Related Protein-Mediated Pathway
The LRP is a cell surface receptor expressed in many types of brain cells and is implicated in a number of Figure 4 Forest plot summarizing the data for the effect of L-arginine administration on infarct volume in models of mechanical focal cerebral ischemia. Subgroups are divided on the basis of timing of administration of L-arginine relative to the onset of ischemia. Single numbers after study title reflect the dose of L-arginine (mg/kg), and in the Zhang et al (2004a) experiments, the first number is the duration of ischemia and the second number is the timing of administration of L-arginine. Letters after the study title reflect the strain of rats or model used. CI, confidence interval; dist, distal middle cerebral artery occlusion; prox, proximal middle cerebral artery occlusion; SD, Sprague Dawley; SHR, spontaneously hypertensive rat.
physiological and pathophysiological neuronal functions. Pertinent to this discussion, LRP activation upregulates nuclear factor-kB (Zhang et al, 2007) , which is a transcription factor for iNOS (Xie et al, 1994) and the LRP pathway may mediate the action of tPA on the NMDA receptor in neurons directly. Ischemia causes an increase in the level of LRP expression following MCAO, but tPA knockout mice do not show this rise , indicating that tPA is responsible for the increase in LRP expression. This effect seems to be mediated by microglial activation, which then upregulates iNOS activity. In neuronal culture, calcium influx attributable to the effect of rtPA is reduced via inhibition of LRP with receptor-associated protein (Martin et al, 2008) . This suggests that the neurotoxic effects of rtPA via LRP and NMDA receptors are intrinsically linked and one of the key downstream mediators is iNOS ( Figure 5 ).
In addition to these effects, LRP is also thought to mediate rtPA activation of MMP-9 (Wang et al, 2003) . Upregulation of MMPs is associated with increased vascular permeability following degradation of the extracellular matrix (Aoki et al, 2002) and in neuronal cultures exogenous rtPA upregulates both MMP-2 and MMP-9 (Lee et al, 2007) . The integrity of the blood-brain barrier is affected by the administration of rtPA (Yepes et al, 2003) , and this leads to parenchymal edema and hemorrhage in excess of the risk from thrombolysis ). This is thought to contribute to symptomatic intracranial hemorrhage, which occurs in about 6% of patients treated with alteplase (NINDS, 1995) . When alteplase is administered in combination with a MMP-9 inhibitor in a rat embolic stroke model, no reduction in infarct volume is observed, but hemorrhagic transformation is decreased . This suggests that rtPA-induced MMP upregulation contributes more to edema and hemorrhage than to direct neurotoxicity. We hypothesize that coadministration of L-arginine with rtPA may worsen this by increasing blood flow as a consequence of the NO produced from eNOS.
Nitric Oxide Synthase Isoforms and Cerebral Ischemia
Each of the NOS isoforms produces different effects on the ischemic brain and has different temporal profiles of upregulation following ischemia, as has been reviewed elsewhere (Iadecola, 1997; Moro et al, 2004; Samdani et al, 1997) . Although the effects of eNOS protect the ischemic brain, the effects of iNOS or nNOS are detrimental. The effect of alteplase on NOS isoform expression varies. The eNOS expression is diminished after alteplase administration following ischemia, which corresponds to an increase in infarct volume (Kilic et al, 2005b) . The nNOS levels are not increased by alteplase administration (Kilic et al, 2005a) , but cerebral ischemia does increase iNOS expression, which is further augmented by administration of alteplase (Kilic et al, 2005a, ) . This iNOS upregulation by alteplase correlates with an increase in the volume of infarction supporting the hypothesis that iNOS activity is mediating rtPA neurotoxicity following ischemia.
An alternative explanation is that the change of NOS expression levels by alteplase is due to the L-arginine administered in combination with the rtPA. Until rtPA can be administered in the absence of L-arginine, their independent roles are difficult to distinguish. From the results of the meta-analysis it seems that L-arginine administered early following ischemia reduces infarct volume (Figure 4 ), but given the effect of rtPA on the relative levels of the NOS isoforms described above, the benefit of L-arginine following ischemia may not be observed in the presence of rtPA. Figure 5 Potential mechanisms by which recombinant tissue plasminogen activator (rtPA) confers neurotoxicity during ischemia and its interaction with L-arginine via nNOS and iNOS. The rtPA cleaves the NR1 subunit of the NMDA receptor increasing the flux of Ca 2 + into the cell. This increase in intracellular Ca 2 + concentration can lead to cell damage and death. The NMDA receptors, through the scaffolding protein PSD-95, can interact with nNOS, metabolizing L-arginine to NO, which can also lead to cell damage and death. The rtPA can also activate LRP, which can facilitate the action of rtPA on NMDA receptors previously described. The LRP can also activate the transcription factor NF-kB, which upregulates the expression of iNOS. The iNOS metabolizes L-arginine to NO leading to cell damage and death. iNOS, inducible nitric oxide synthase; LRP, low-density lipoprotein receptor-related protein; NF-kB, nuclear factor k light-chain enhancer of activated B cells; NMDA-R, N-methyl-D-aspartate receptor; nNOS, neuronal nitric oxide synthase; NO, nitric oxide; PSD-95, postsynaptic density-95.
Effects of Recombinant Tissue Plasminogen Activator on Cerebral Blood Flow in the Presence of L-Arginine
Aside from its thrombolytic properties, it is not understood how rtPA interacts with the signaling pathways that control cerebral blood flow (CBF). The effect of rtPA on the vasculature following ischemia may involve interaction with the NO pathway. Nitric oxide is one of many mediators by which neurovascular coupling is controlled (Dirnagl et al, 1994; Harder et al, 1998) , but the precise role NO plays has yet to be fully characterized. Endogenous tPA is integral to the function of the neurovascular unit by controlling the NMDA receptor-mediated NO production through phosphorylation of nNOS (Park et al, 2008) . Following a stroke, the properties of the neurovascular unit alter (del Zoppo, 2009) and autoregulation of CBF is disturbed. An increased production of NO may contribute to this and alteplase administration may further disrupt this process.
The rtPA administration leads to dysfunctional vascular tone and abnormal reactivity to vasoactive mediators, which results in edema and hemorrhagic transformation (Cipolla et al, 2000; Nassar et al, 2004) . During reperfusion after 90 minutes of mechanical MCAO in the rat, rtPA treatment leads to an initial hyperperfusion when compared with ischemia alone (Kilic et al, 2001) . However, this is followed by a selective hypoperfusion of the ischemic penumbra contributing to an increased infarct volume (Kilic et al, 2001) , suggesting that alteplase is worsening the dysfunctional regulation of blood flow. This may be explained by the downregulation of eNOS by alteplase administration following ischemia (Kilic et al, 2005b) . In pig models, rtPA induced pial small artery and arteriole dilatation, which was blocked by the NOS inhibitor L-N G -nitroarginine, suggesting that NO contributes to the vascular responses of rtPA (Armstead et al, 2004) . Initially, this response was thought to be due to the L-arginine present in the rtPA formulation, but when L-arginine was administered alone, no such arterial dilatation was observed. Following ischemia, it is still not known how the presence of L-arginine contributes to the vascular effects of rtPA.
In the absence of rtPA, L-arginine has independent effects on the CBF following ischemia. In healthy human volunteers, L-arginine increases CBF, although this response is diminished in patients with a history of lacunar infarct (Pretnar-Oblak et al, 2006) . In animal models of permanent cerebral ischemia, L-arginine increases cortical CBF compared with saline in a dose-dependent manner (Morikawa et al, 1992b; Willmot et al, 2005) , probably because of the vasodilator properties of NO from eNOS modulating cyclic guanosine monophosphate production. It has been suggested that L-arginine produces hemodynamic changes in the cortex, but not the striatum (Caramia et al, 1998) , but these differing responses have not been reproduced following ischemia (He et al, 1995) . However, there is some evidence that the ischemic vessels preferentially dilate in response to L-arginine administration compared with those vessels in nonischemic tissue (He et al, 1995) .
Conclusions
Clinical trials have shown benefit from alteplase for selected patients with acute ischemic stroke. Early administration of L-arginine alone seems to be beneficial in experimental cerebral ischemia and coadministration with rtPA may contribute to the improvement seen after alteplase treatment. Alteplase treatment independent of thrombolysis can exacerbate ischemic injury. This may be due to an interaction with L-arginine, which might be blunting the effect seen in clinical trials. Mechanistically, it seems that rtPA neurotoxicity is related to NO production through iNOS and nNOS activity. Given that the only current formulation of rtPA contains high levels of L-arginine, this carrier may be fuelling rtPA neurotoxicity. Whatever the combined effect is, it is important to dissociate the individual effects of L-arginine and rtPA, which has not been performed to date.
We suggest that alternative carriers of rtPA are identified to more accurately assess the effects of rtPA administration following ischemia. L-arginine has a biologically inert enantiomer, D-arginine, which could potentially be used as a carrier of rtPA. D-arginine is not a substrate for NOS (Palmer et al, 1988) , and it has no effect on infarct volume following cerebral ischemia (Zhang et al, 1996a) . However, D-arginine may possess pharmacological effects such as central nervous system stimulant properties (Navarro et al, 2005) , and therefore may not be an appropriate vehicle to use for stabilizing rtPA. Other amino acids that could be used to solubilize rtPA include lysine, e-amino caproic acid, and glycylglycine (Cleary et al, 1989) . Experiments with alternative carriers of rtPA will resolve uncertainty around the confounding effect of L-arginine in alteplase. Using this information, novel preparations of rtPA could be formulated and trialed in experimental models of both mechanical and embolic stroke. It is not known whether these alternative carriers could provide a more efficacious and less neurotoxic formulation of rtPA than with L-arginine translating into improved functional outcomes for patients after acute stroke.
